We developed a scripted algorithm, based on previous, earlier editions of the algorithm, to mine prostate cancer exome files for Tcell receptor (TcR) recombination reads: Reads representing TcR gene recombinations were identified in 497 prostate cancer exome files from the cancer genome atlas (TCGA). As has been reported for melanoma, co-detection of productive TcR-α and TcR-β recombination reads correlated with an RNA expression signature representing T-cell exhaustion, particularly with high RNA levels for PD-1 and PD-L1, in comparison to several different control sets of samples. Co-detection of TcR-α and TcR-β recombination reads also correlated with high level expression of genes representing antigen presenting functions, further supporting the conclusion that co-detection of TcR-α and TcR-β recombination reads represents an immunologically relevant microenvironment. Finally, detection of unproductive TcR-δ recombinations, and unproductive and productive TcR-γ recombinations, strongly correlated with, and may represent a convenient biomarker for a poor clinical outcome. These results underscore the value of the genomics-based assessment of unproductive TcR recombinations and raise questions about the impact of tumor microenvironment lymphocytes in the absence of antigenicity.
Introduction
Much of cancer biology and cancer therapy has moved in the direction of the anti-tumor immune response. Additionally, cancer biology has advanced with big data based immune characterizations of cancer specimens. For example, tumor specimen RNASeq, exome (WXS), and whole genome sequence files have been assessed for the presence of immune receptor recombinations, and in the case of RNASeq files in particular, for expression signatures of immune activity or lack of immune activity. However, little if any of the genomicsbased approaches to immunoscoring have been integrated into clinical trials or standard of care. Several genomics-based approaches have indicated potential for future patient-oriented applications. For example, high mutation rates have, in the case of some cancers, been associated with T-cell infiltrates and with responses to immune checkpoint inhibitor therapies [1] [2] [3] [4] , a conclusion that has recently been reproduced in a mouse model, possibly allowing for a more precise understanding of the high mutation rate, T-cell infiltrate connection, via empirical approaches. Recovery of TcR-β VDJ recombination reads from bladder cancer WXS files is associated with better outcomes [5] . And, co-detection of TcR-α and TcR-β recombination reads in single melanoma WXS files is associated with PD-1 expression in corresponding RNASeq files [6] . While both survival outcome-TcR VDJ associations, and PD-1 expression, can be assessed with more sophisticated and more precise applications, maximizing the information available from WXS files offers the hope of increasing efficiencies and cost-effectiveness, particularly because WXS generation from tumor specimens is becoming widespread. Costeffectiveness may also be an important consideration in rapidly moving certain therapies from internationally developed to undeveloped settings.
To advance the opportunity to understand the value of obtaining TcR-recombination reads from WXS files, we processed WXS files from TCGA primary prostate cancer (PRAD) specimens and from an independent set of metastatic prostate samples for the TcR-recombination reads. The processing approach reported here is similar to previously reported approaches [6, 7] , but with certain modifications that led to a more robust recovery of TcR-recombination reads. The results further confirm the opportunity to obtain significant immunoscoring information from tumor specimen exome files. The results identify a very small population with a highly negative outcome, particularly important in the prostate cancer setting where "watchful waiting" is a commonly employed approach, given the large percentage of cases that will not have significant clinical impact.
Materials and Methods

Processing Exome Files for Reads Representing V(D)J Recombinations
The nucleotide sequences for both V regions and J regions for the human TcR genes were obtained from NCBI, and additional allelic variants were obtained from IMGT/GENE-DB. The V and J sequences for TcR-β, -γ, and -δ are listed in the supporting online material (SOM) of ref. [5] . The TcR-α sequences are in the SOM for ref. [7] . Whole exome sequences (WXS) of prostate adenocarcinoma (PRAD) were downloaded from the Genome Data Commons, using a token file provided for dbGaP approved project number 6300. An example of the download manifest for the PRAD WXS files is in Table S1 of the SOM. A Module_Search_IgTcR shell script was used to execute individual search scripts which identify candidate V region and J region sequences specific for each TcR gene (Table S2 ). The search scripts contain a list of unduplicated 10 nucleotide long sequences close to the 3′ end of the V regions. The V regions sequences used in the script were 3, 5, 7, 9, and 11 nucleotides away from the 3′ end of the canonical V sequences referred to above, to avoid losses in the search due to N-region diversity. Similarly, 10 nucleotide long sequences from 3, 5, 7, 9, and 11 nucleotides away from the 5′ end of the J sequence were used. The search script compared each read in the vicinity of the TcR gene regions with the set of V and J regions, and the reads containing a match for both V and J regions were deposited into a TSV file and were then the object of the script, IMGTSearchTCR.php. This php process used the read containing the VJ combination to query the Immune GeneTics (IMGT) tool for determining whether the read is productive or unproductive; how many nucleotides are an exact match to V and J regions recognized by IMGT; as well as the quality of the match. For this project, only recombination reads containing greater than 20 nucleotide matches in both V and J regions were accepted as a productive or unproductive read. This relatively high standard was applied to ensure a reliable identification of the recombinations reads. To process the Module_Search_IgTcR script, a Module_Search_IgTcR_Header execution script containing the environment paths and settings for the Module_Search_IgTcR script was created (Table S3) . A summary output of the above software for each of the TcR receptor genes, providing results for various parameters, such as the V and J region nucleotide matches, is provided in the SOM (Table S4-7) . See also ref. [8] , and references therein; and the following link (https://github.com/martinda/gnuparallel/blob/master/CITATION).
RNASeq Data
The RNASeq V2 RSEM (RNASeq Expectation Maximization) scores for the genes indicated in Results were downloaded directly from cBioPortal.org [9] [10] [11] [12] (Table S8A ).
[TY1] The PRAD barcodes in the output, from the above processing steps for recovering V(D)J recombination reads, were grouped (using Microsoft Excel) into the following categories: (i) all barcodes, (ii) barcodes with unproductive TcR-β recombination reads, (iii) barcodes with co-detection of productive TcR-α/β recombination reads. This latter category (iii) was further divided into: (iv) barcodes with codetection of three or more productive TcR-α/β recombination reads; and (v) barcodes with co-detection of only one productive TcR-α/β recombination read. The RNASeq V2 RSEM scores for each gene were then matched to the barcodes in each category mentioned above using the VLOOKUP function in Excel. The CD274 gene is provided as an example in the SOM for the construction of the box and whisker plots from the RNASeq data (Table S8B) . A t-test was performed to compare the RNA expression levels between each category for each gene to provide the p-values listed in Table S8C and in Results.
Survival Data
Clinical information was downloaded from cBioPortal.org (Table S9) , and then separated into categories. The categories were determined based on the detection of TcR recombination reads in the barcodes. The following groups of barcodes were established: (a) productive TcR-α, productive TcR-β, (b) codetection of productive TcR-α and TcR-β, (c) unproductive TcR-β, (d) unproductive TcR-δ. After matching each barcode category to its survival data using the VLOOKUP function in Microsoft Excel, the categories were compared to each other using the average function and t-test function (Results). The IBM program, Statistical Package for the Social Sciences (SPSS) version 23 was then used to construct Kaplan-Meier curves and generate Log Rank p-values representing comparisons of the barcode groups.
PRAD Metastatic Sample Download from dbGaP
An additional 50 metastatic prostate adenocarcinoma WXS samples were obtained from the database of Genotypes and Phenotypes (dbGaP), study accession: phs000915.v1.p1, approval of request number # 54707-1. SRA (Sequence Read Archive) Toolkit was used to download the files. The utility in SRA Toolkit, "prefetch", was used in conjunction with HTTP transfer to download the SRA files. The raw SRA files were then converted to BAM files to be compatible with Samtools before being subjected to the same processing steps used for TCGA-PRAD WXS files.
Results
Recovery of TcR-Recombination Reads from PRAD WXS Files
Results of processing the PRAD WXS files for TcR recombination reads indicate a robust detection of T-cell infiltration in the primary PRAD tumor barcodes (Table 1) . Both productive and unproductive recombination reads were detected for TcR-α and TcR-β. As in several past cases [5] , the ratio of barcodes with productive TcR-β recombination reads, to barcodes with unproductive TcR-β recombination reads is relatively high, suggesting that T-cells which undergo unproductive TcR-β recombinations do not survive long enough to be detected or maintained in the tumor microenvironment. This is in sharp contrast to TcR-α, where in numerous cancers, unproductive recombination reads are commonly detected, although, this represents the first report of detection of unproductive TcR-α recombination reads in 100% of the barcodes. The very high level of TcR-α recombination is consistent with the understanding that many T-cells undergo the recombination of both TcR-α alleles [13] and consistent with prostate cancer specimens often having infiltrating lymphocytes [14, 15] .
There was an overlap in barcodes that represented both productive TcR-α and productive TcR-β recombination reads: 7.3% of all the barcodes, with an average of 3.6 reads per sample.
Two examples of a productive TcR-α and TcR-β recombination read, with the N-region nucleotides and the VDJ usage, are shown in Fig. 1 .
There was detection of both productive and unproductive TcR-γ recombination reads, and a small detection of unproductive TcR-δ recombination reads. Productive TcR-γ recombination reads were detected in nearly 12% of the barcodes, unproductive TcR-γ was detected in about 23% of the barcodes (Table 1) .
A collection of productive and unproductive recombination reads, and the V and J usage for TcR-β recombination is presented in Table S5 ; productive TcR-α and unproductive TcR-δ recombination reads, and the respective V and J usage, are in Tables S4 and S6 ; productive and unproductive TcR-γ recombination reads and the V and J usage are in Table S7 .
T-Cell Exhaustion RNASeq Markers Correlated with Co-Detection of TcR-α and TcR-β Recombination Reads in WXS Files
To verify and extend the understanding of T-cell markers in prostate cancer genomics files, RNASeq V2 RSEM scores were obtained from cBioPortal.org for the following genes: IFNG, CD3D, CD4, and CD8A. The average RNASeq values for each gene were then compared across barcode groups, as follows: (i) all barcodes, as a control set; (ii) barcodes with unproductive TcR-β reads only, as a control set; and (iii) barcodes with co-detection of productive TcR-α/β reads, as a test set. Results indicated that the above genes had a statistically significant, higher level of RNASeq values for the group of barcodes representing co-detection of TcR-α/β reads in comparison to the two above indicated control barcode groups (Fig. 2a, Table S8C ), except in the case of CD3D when the TcR-α/β barcode group was compared to the control Overall, the above results indicate a strong association of Tcell markers with the barcode group that represents codetection of TcR-α/β recombination reads. To further verify the association of T-cell markers with this barcode group, the barcode group that represents co-detection of TcR-α/β was subdivided into barcodes with three or more TcR-α/β Fig. 1 a Examples of TcR-α productive reads from WXS PRAD files. Barcode TCGA-CH-5738 (top); TCGA-CH-5743 (bottom). b Examples of TcR-β productive reads from WXS PRAD files. Barcode TCGA-VI-A8WW (top); TCGA-EJ-A8FP (bottom) Fig. 2 a Box and whisker plot of RNA Expression (RNA Seq V2 RSEM) for all barcodes (dark) vs barcodes with detection of TcR-β unproductive recombination reads (medium) vs co-detection of productive TcR-α/β recombination reads (light). For IFNG, the y-axis ranges from 0 to 9; CD3D, y-axis ranges from 0 to 300; CD4, y-axis ranges from 0 to 2500; CD8A, y-axis ranges from 0 to 700. b Box and whisker plot of RNA expression (RNA Seq V2 RSEM) for all Barcodes (dark) vs barcodes with detections of TcR-β unproductive recombination reads (medium) vs co-detection of productive TcR-α/β recombination reads (light). For CD33, the y-axis ranges from 0 to 100; CTSS, y-axis ranges from 0 to 350; ITGAX, y-axis ranges from 0 to 700; CD68, y-axis ranges from 0 to 3000; CD83, y-axis ranges from 0 to 900; CIITA, y-axis ranges from 0 to 700; CTSL, y-axis ranges from 0 to 4000. c Box and whisker plot of RNA Expression (RNA Seq V2 RSEM) for all barcodes (dark) vs barcodes with detections of TcR-β unproductive recombination reads (medium) vs co-detection of productive TcR-α/β recombination reads (light). For C10ORF54 (VISTA), the y-axis ranges from 0 to 2000; PDCD1, y-axis ranges from 0 to 140; CD274, y-axis ranges from 0 to 45; CTLA4, y-axis ranges from 0 to 120. A detailed version of all of the box and whisker plots in this figure is provided in the SOM, Fig. S1 recombination reads and barcodes with only one TcR-α/β recombination read. Average RNASeq values were obtained for the four T-cell markers studied above (IFNG, CD3D, CD4, and CD8A), for the two groups of barcodes representing the two different read quantification categories. Results indicated that, for each of the four T-cell markers, there was a statistically significant higher level of expression in the barcode group representing the high number of TcR-α/β recombination reads (Table S8C ).
To determine the potential level of antigen-presentation activity in the tumor microenvironment, where there was codetection of TcR-α/β recombination reads, RNASeq V2 RSEM scores were obtained for the following genes: CD33, CD68, CIITA, CTSS, ITGAX, CD83, and CTSL. We then compared the average RNASeq values for the barcodes representing the co-detection of TcR-α/β and the two barcode groups indicated as control groups above, i.e., the barcode groups represented by all barcodes and barcodes with only detection of unproductive TcR-β. There was statistically significant, higher level expression for the above indicated antigen-presentation related genes in the barcode group representing co-detection TcR-α/β recombination reads, except in the cases of CIITA and CTSL (Fig. 2b, Table S8C ). In the case of CIITA, the co-detection barcode group was found to have significantly higher average RNAseq value only when compared to the average RNASeq value for all barcodes and not when compared to the average RNASeq value for the barcode group representing detection of unproductive TcR-β recombination reads. In the case of CTSL, although the codetection barcode group on average had a higher RNASeq value, compared to both control groups, neither control group represented a statistically significant comparison. When comparing the group of barcodes representing co-detection of three or more TcR-α/β recombination reads, in each WXS file, to the group of barcodes representing co-detection of only one such recombination read in the WXS file, the barcode group with three or more reads had a statistically significant, higher average RNASeq value than the barcode group with only one read, for all of the genes representing antigen presentation activity, except in the cases of CD68 (p < 0.06) and CTSL (p < 0.06) (Table S8C) .
In a previous study of recovery of TcR recombination reads from melanoma WXS files, it was determined that codetection TcR-α/β recombination reads correlated with a high level of PD-1 expression [6] . To assess the relationship between recovery of TcR recombination reads and T-cell exhaustion markers in PRAD, we obtained the RNASeq V2 RSEM scores for the following genes: PDCD1, CD274, CTLA4, and VISTA [16] . When comparing the barcode group representing co-detection of TcR-α/β recombination reads to the two control barcode groups indicated above (all barcodes and barcodes representing unproductive TcR-β, respectively), the average RNASeq values were higher, to a statistically significant degree, for the barcodes representing simultaneous recovery of TcR-α and TcR-β recombination reads (i.e., the co-detection barcode group), in comparison with both control sets (Fig. 2c, Table S8C ), for PDCD1, CD274, and CTLA4. In the case of VISTA, the barcode group representing codetection of TcR-α/β had a statistically significant, higher average RNASeq value when compared with the average RNASeq value for all barcodes. However, while the average RNASeq value for VISTA of the co-detection barcode group was higher than the average VISTA RNASeq value for barcode group representing detection of unproductive TcR-β only, the difference was not statistically significant. Overall, these results provided an indication that barcodes with codetection of productive TcR-α/β recombination reads have a higher level of immune checkpoint gene expression.
When examining the difference in RNASeq expression levels of these genes for barcodes representing co-detection of TcR-α/β recombination reads with three or more reads versus co-detection of TcR-α/β recombination with only one read, the barcodes representing only one read had a higher level of mRNA expression than barcodes containing three or more reads for genes CD274, CTLA4, and VISTA (Table S8C) . This is an indication of the reverse trend observed when comparing barcodes containing co-detection of TcR-α/β recombination reads to the control groups (all barcodes and barcodes representing unproductive TcR-β) conducted earlier. This reverse trend was not observed for PDCD1 during the read count comparison; barcodes containing three or more co-detection of TcR-α/β recombination reads had a higher level of PDCD1 expression compared to barcodes containing only one read, however, this result was not statistically significant (p < 0.06).
Poor survival rates associated with detection of TcR-δ and -γ recombination reads To determine whether there was an association between survival rates and detection of particular TcR recombinations in the PRAD WXS files, barcode categories, representing recoveries of different types of recombination reads, were plotted on a Kaplan-Meier (KM) curve against the remaining population, using a cBioPortal.org web tool. The barcode group representing detection of unproductive TcR-δ recombination reads had statistically significantly worse disease-free survival than the remaining population p < 0.029 (Fig. S2) , although the sample size for that barcode group is small. The KM curve obtained from cBioPortal.org was replicated using the program, IBM SPSS, to confirm survival difference between the two barcode groups ( Fig. 3a; p < 0.032).
To further assess the survival rates for WXS files containing TcR-δ recombination reads, particularly because of the small TcR-δ sample size, disease-free survival and overall survival data were obtained from cBioPortal.org and further analyzed. Specific barcode categories were established as control groups to determine whether a survival difference, compared to the TcR-δ, recombination-read barcode (test) group, could be verified. The control groups were as follows: (i) barcodes with co-detection of productive TcR-α and TcR-β recombination reads, (ii) barcodes with productive TcR-β recombination reads, (ii) barcodes with productive TcR-β or unproductive TcR-β recombination reads, and (iv) barcodes with unproductive TcR-β recombination. Results indicated a statistically significant difference in both disease-free and overall survival rates for nearly all comparisons of the control groups and the test group, where the control groups had higher rates of survival, compared to the test group, i.e., compared to the barcodes with unproductive TcR-δ recombination reads ( Table 2 ). The only instance where statistical significance was not obtained was in comparing the test group to the barcodes with the detection of productive TcR-β recombination reads, for disease-free survival. Among the control groups tested, the barcode group that yielded the highest survival averages was the group of barcodes representing unproductive TcR-β recombination reads, with p < 0.002 for both diseasefree survival and overall survival, in comparison to barcodes containing TcR-δ recombination reads ( Table 2 ). The difference in the average disease-free survival between the two categories was 24 months, and the difference in the average overall survival between the two categories was 22 months.
Because the above data representing the barcode group where there was detection of unproductive, TcR-δ recombination reads presumably represented γ/δ T-cells in the tumor microenvironment, we determined whether barcodes representing WXS detection of TcR-γ recombination reads would also be associated with worse disease survival, However, barcodes representing co-detection of TcR-γ productive and unproductive barcodes did demonstrate a significantly lower survival rate, compared to all remaining barcodes, using both the IBM SPSS software (Fig. 3b) and the KM webtool at cBioPortal.org (p-value <0.033; SOM Fig. S3 ).
When comparing barcodes with co-detection of productive and unproductive TcR-γ recombination reads, plus barcodes with unproductive TcR-δ recombination reads, to the remaining barcode population on the KM curve, the survival difference was even more significant p < 0.002 (Fig. 3c) (Fig. S4) .
KM curves and Log Rank Tests were then generated for the three new γ/δ T-cell, barcode test categories against a control group. The new test categories were (i) barcodes representing unproductive TcR-δ recombination reads, (ii) barcodes representing co-detection of productive and unproductive TcR-γ recombination reads, and (iii) the barcodes representing unproductive TcR-δ recombination reads combined with the barcodes representing co-detection of productive and unproductive TcR-γ recombination reads. The control group used was barcodes representing unproductive TcR-β recombination reads. Statistical significance, representing worse survival for the barcode groups representing the γ/δ T-cells, was obtained for all three comparisons (Fig. 4) .
Additional, metastatic prostate files were downloaded and processed to extract TcR-recombination reads. For 50 metastatic samples, there was an increase in the ratio of TcR-δ recombination reads per barcode: 1 % in primary tumor samples from TCGA compared to 10 % in metastatic tumor samples from dbGaP.
Discussion
The above results support the validity and value of the opportunity to detect immune receptor recombination reads in WXS files, particularly important given the likelihood of the WXS approach as being the mainstay of cancer genomics in future, standard of care settings. That is, it is important to obtain as much information from the WXS file as possible, considering its likely preeminence in cancer genomics. This immunoscoring oppotunity is not only important in view of the fact that the WXS approach is likely to be a minimal standard for cancer genomics, but may also be important in settings where costs for additional tests are simply prohibitive. Thus, in developed countries, where many follow up tests are available, maximizing the information from a WXS file could support or make unnecessary additional tests; in other venues, a WXS file may be all that is available to guide therapy.
The software used in this study to identify the TcR recombination reads in the WXS files is similar in approach to software used in our previous, closely related work [5] [6] [7] 17] . However, the current algorithm has been modified to increase detection sensitivity, detection speed, as well as quality of the extracted reads. In particular, the previous algorithms involved a single search for V sequences, 5 nucleotides away from the 3′ end, to avoid overlaps in the area of N-region diversity. In the current algorithm, the V-sequence and J-sequence searches both involve a step-wise search for V-and J-sequences away from the joining region. Again, this approach minimizes loss due to overlap with N-region nucleotides, but increases recovery by varying the distance, in particular for the V-sequences, from the joining site.
In this report, and in other reports, in general, barcodes that represent recovery of TcR recombination reads also have higher levels of RNASeq T-cell biomarkers, supporting the association of the recovery of the TcR reads with T-cell presence in the tumor specimen microenvironment [6, 18] . Barcodes associated with co-detection of productive TcR-α and TcR-β recombinations had the highest RNASeq expression levels for T-cell marker genes, T-cell exhaustion genes, as well as genes associated with antigen-presentation when compared to barcodes associated with detection of unproductive TcR rearrangements or the total barcode collection. The most important aspect of these results would appear to be the indication that co-detection of TcR-α/β recombination reads in a WXS file is a strong indicator of T-cell exhaustion. These results raise the question of whether patients with codetection of TcR-α/β recombination reads in a WXS file would benefit most from anti-immune checkpoint therapy approaches? However, it should be noted that, in the current study, there was an indication that barcodes with the highest number of reads, among the TcR-α/β co-detection barcodes, had a reduced level of immune checkpoint biomarker expression. While clearly additional study is needed, this result could indicate that the highest level of T-cell exhaustion may correlate with an intermediate level of TcR recombination read detection.
To date, there has been only one report whereby detection of TcR recombination reads in WXS files has been associated with patient outcome, namely in the case of bladder cancer, where a combined TCGA-Moffitt Cancer Center cohort of bladder cancer patients, with detection of TcR-β recombination reads in the WXS files, represented a favorable outcome [5] . In this current study, several different approaches indicated that detection of TcR-δ and -γ recombination reads was associated with a poor outcome, with the greatest statistical significance represented by co-detection of productive TcR-γ, unproductive -γ and unproductive -δ. Clearly these results suggest a role for γ/δ T-cells in a poor outcome, but the heavy connection to unproductive recombinations of the TcR-γ and TcR-δ genes opens up numerous possible roles for these types of T-cells, for example, secretion of specific cytokines supporting tumor growth. In addition, the fact that the most significant associations of the TcR-δ and TcR-γ recombination reads represented extensive co-detection, the impact on prostate cancer development is likely to be greater with a greater level of γ/δ T-cell infiltrate. In particular, this result represents a striking example of the value of assessing the presence of unproductive immune receptor recombinations in tumor specimen WXS files. Without the unproductive reads, the genomics-based detection of γ/δ T-cell presence in the immune infiltrate, or the genomics-assessment of γ/δ T-cell association with a poor outcome, would not have been possible. γ/δ T-cells ordinarily represent a very small proportion of either tissue resident or blood-born T-cells, in comparison to α/β T-cells. However, there have been reports that γ/δ T-cell infiltrates can suppress antigen presentation, in a tumor microenvironment, to α/β T-cells, for example, ref. [19] . Also, prostate tumor samples in particular have a higher proportion of γ/δ T-cells, compared to tumors not derived from an epithelial origin, such as melanoma [19] . Reports have indicated how γ/δ T-cells, cytokine elaboration could play a role in immunosuppression, with the following examples IL10 [20] [21] [22] ; IFNG and IL4 [23] ; IL2, IL3, and GM-CSF [24] ; and TGF-β [25] . Among that list of cytokines produced by γ/δ T-cells, IL-10 and TGF-β, are most widely regarded as being immunosuppressive in the tumor microenvironment [26, 27] .
However, even without a clear understanding of mechanism, the above data may provide the basis for sequencing patient tumor samples prior to giving prognosis of disease, particularly for the development of an era of "watchful waiting" for prostate cancer.
